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Abstract  Interdecadal changes in the relationship between the Asian summer monsoon 
precipitation and El Niño–Southern Oscillation (ENSO) for the period 1950 onwards were 
investigated. During the third quarter of the 20th century, the summer seasonal precipitation over 
the whole India was negatively correlated to sea surface temperature anomaly (SSTA) over the Niño 
3.4 region (5°S–5°N, 120°–170°W) associated with ENSO, which is a well-known inverse 
relationship between Indian summer monsoon precipitation and ENSO. However, during the final 
quarter of the 20th century, this negative correlation appeared only in the southern and northern parts 
of India. The negative correlation in northeast India has weakened and changed to a weak positive 
correlation. Concurrent with this long-term change, the relationship between summer seasonal 
precipitation over the Indochina Peninsula and the SSTA over the Niño 3.4 region also changed 
from a weak negative to a weak positive correlation during the second half of the 20th century. The 
interannual dipole structure between the summer seasonal precipitation over peninsular and 
northeast India strengthened from the 1970s, consistent with the weakening of the inverse 
relationship between the summer seasonal precipitation over the whole India and ENSO. The SSTA 
pattern of ENSO was related to the summer seasonal precipitation over peninsular India throughout 
the analyzed period, whereas the relationship between the SSTA pattern of ENSO and the summer 
seasonal precipitation over northeast India and the Indochina Peninsula became unclear from the 
third quarter of the 20th century to the final quarter. These long-term changes in the relationship 
between the precipitation and SSTA were consistent with the changes in the relationship between 
the precipitation and the large-scale atmospheric circulations. 
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1. Introduction 
 
   El Niño–Southern Oscillation (ENSO) is a phenomenon characterized by the condition of the 
sea surface temperature anomaly (SSTA) over the equatorial Pacific. The SSTA shifts the 
atmospheric convection and affects the equatorial trade winds, accompanying changes in the 
atmospheric and oceanic circulation of the global climate in interannual timescale (Timmermann et 
al. 2018). ENSO affects the climate over Asian summer monsoon (ASM) region and is one of the 
keys to predict the behavior of the ASM precipitation (Wang et al. 2015). During El Niño years (i.e., 
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when SSTA over the equatorial Pacific is high), eastward shift of convection occurs due to the 
weakening of the equatorial trade winds, resulting in lower precipitation over the Maritime 
Continent (Ropelewski and Halpert 1987; Hendon 2003). Regarding India, it is well known that the 
precipitation tends to be lower during El Niño years (Rasmusson and Carpenter 1983; Ropelewski 
and Halpert 1987). 
   However, the inverse relationship between the Indian summer monsoon (ISM) precipitation and 
ENSO has weakened in recent decades. Kumar et al. (1999) showed the negative correlation 
between the all-India monsoon rainfall (IMR) index and SSTA over the Niño 3 region (5°S–5°N, 
90°–150°W) weakened in the 1970s. They reported that the southeastward shift of the anomalies of 
the Walker circulation during El Niño events and increased surface temperature over Eurasia during 
winter and spring in the second half of the 20th century might have reduced the negative correlation. 
The former resulted in changes in the spatial pattern of the influence of ENSO, and the latter enhance 
the land-ocean thermal gradient which helps the monsoon stay on the normal condition despite 
strong El Niño events. 
   On the other hand, it was pointed out that the appearance of this weakening in the ISM–ENSO 
relationship depends on the index used to represent the ISM intensity. Kawamura et al. (2005) used 
the IMR index and a large-scale monsoon circulation index to examine the ISM–ENSO relationship. 
They reported that the correlation of the ISM with SSTA over the Niño 3 region weakened when 
the former index was used and remained strong when the latter index was used. They showed that 
the area which has the most robust relationship with ENSO shifted from the central and northwest 
India in late summer to northeast India in early summer in the 1970s. Moreover, the IMR index did 
not correlate with the precipitation over northeast India, although it represents the variations over 
the whole India. Thus, they suggested that the ISM–ENSO relationship weakened when the IMR 
index was used because the IMR index was not able to catch the spatial changes in the relationship 
between the ISM precipitation and ENSO. 
   The relationship between the ASM and ENSO may be influenced by changes of the relationship 
itself or spatial changes in the impact areas of ENSO. Thus, we investigated the long-term changes 
in the spatial pattern of the relationship between ASM precipitation and ENSO using observational 
data. We investigated the regional characteristics by comparing correlation maps for different 
periods for the period 1950 onwards. Based on these results, we investigated the long-term changes 
in the spatial pattern of the SST and atmospheric fields related to the precipitation of specific regions 
for further understanding. 
 
 
2. Data 
 
   To investigate the relationship between ASM precipitation and ENSO and its changes in the 
spatial patterns, we used precipitation, SST, and atmospheric field data. Monthly mean land-surface 
precipitation and SST data were obtained from Global Precipitation Climatology Centre (GPCC) 
monthly precipitation dataset version 7 (Schneider et al. 2011) and the Centennial in situ 
Observation-Based Estimates (COBE) SST (Ishii et al. 2005), respectively. Monthly mean 850-hPa 
streamfunction and 200-hPa velocity potential data were obtained from the Japanese 55-year 
Reanalysis (JRA-55; Kobayashi et al. 2015; Harada et al. 2016). The spatial resolutions of these 
three datasets were 2.5°, 1.0°, and 1.25°, respectively. GPCC and COBE-SST were used from 1951–
2015 and JRA-55 were used from 1958–2015. We used the area-averaged SST over the Niño 3.4 
region (5°S–5°N, 120°–170°W) as the index for ENSO. 
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3. Results 
 
Changes in the relationship between ASM precipitation and ENSO 
   To understand the long-term changes in the spatial pattern of the relationship between the ASM 
precipitation and ENSO, we compared the spatial patterns of the correlation between of regional 
rainfall over the ASM region and Niño 3.4 SST index for June–September (JJAS). We drew 25-
year correlation coefficients between June–September (JJAS) precipitation and Niño 3.4 SST index 
in every ten years for the period 1950 onwards (Figs. 1a–e). During the third quarter of the 20th 
century, negative correlation signals were shown broad over the ASM region, and several features 
reported in previous studies were recognized (Figs. 1a, b). Specifically, the JJAS precipitation over 
India was negatively correlated with the SSTA over the Niño 3.4 region as a whole in 1951–1975 
and 1961–1985, which is consistent with the known ISM–ENSO relationship. The Maritime 
Continent also showed a negative correlation. Positive correlation signals were few but were 
recognized in the east coast of the Indochina Peninsula, the Philippines, and Japan. 
   The long-term changes in the correlation between the ASM precipitation and Niño 3.4 SST 
index during the analyzed period had regional characteristics (Figs. 1). Regarding South Asia, the 
JJAS precipitation over peninsular India and north-central India remained negatively correlated with 
Niño 3.4 SST index throughout the period 1950 onwards. On the other hand, the negative correlation 
between the JJAS precipitation over northeast India weakened from 1971–1995 and then changed 
to a weak positive correlation. The northwestern part of the Indochina Peninsula was also an area 
where the correlation changed from weak negative to positive. JJAS precipitation over Japan also 
showed a shift in the correlation with Niño 3.4 SST index, but it was from positive to negative. The 
precipitation over the Maritime Continent showed strong negative correlation with Niño 3.4 SST 
index throughout the analyized period. 
   When we consider the whole India, the negative correlation between the JJAS precipitation over 
India (5°–35°N, 65°–90°E) and Niño 3.4 SST index weakened from the 1970s (Fig. 2), which was 
consistent with Kumar et al. (1999). Although the value of the correlation was different with Kumar 
et al. (1999) due to the differences of the analyzed data and index for precipitation and ENSO, the 
timing of the weakening of the ISM–ENSO relationship corresponded with the timing of the 
weakening of the negative correlation between JJAS precipitation over northeast India and the 
Indochina Peninsula and Niño 3.4 SST index. 
 
Changes in the interannual variability of SST and atmospheric circulation related to JJAS 
precipitation over specific regions 
   To understand the mechanism of the changes in the relationship between the ASM precipitation 
and ENSO, we examined the SST patterns and atmospheric circulations (850-hPa streamfunction 
and 200-hPa velocity potential) that were related to the interannual variation of the JJAS 
precipitation over specific regions between the two periods; 1961–1985 and 1986–2010. The 25-
year correlation coefficients between JJAS precipitation and Niño 3.4 SST index during 1986–2010 
are shown in Fig. 1f. Based on the correlation maps of JJAS precipitation with Niño 3.4 SST index 
for the two periods (Figs. 1b, f), we focused on three areas; peninsular India (10°–20°N, 75°–80°E), 
northeast India (20°–25°N, 80°–90°E), and the Indochina Peninsula (15°–25°N, 92.5°–110°E). 
Precipitation over peninsular India had a negative correlation with Niño 3.4 SST index throughout 
the period 1950 onwards, and the precipitation over the other two areas changed their correlation 
with Niño 3.4 SST index from weak negative to weak positive. 
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Fig. 1  Correlation between regional rainfall over ASM region and Niño-3.4 index for JJAS. The 
hatched (dotted) areas in gray represent the area where the correlation coefficient is larger 
(smaller) than 0.2 (-0.2). Black-colored signals are significant at the 95% significance 
level. The three boxes in (f) are the areas analyzed in Figs. 3–5. 
 
 
Fig. 2  25-year sliding correlation between precipitation over India (5°–35°N, 65°–90°E) and 
Niño-3.4 SST for JJAS. The gray horizontal line shows the 95% significance level. 
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   We investigated the SST pattern related to each summer seasonal precipitation over the three 
areas to see whether ENSO pattern was the prominent mode for the interannual variation of the 
regional precipitation (Fig. 3). The SST patterns were roughly similar among the three areas during 
1961–1985. When peninsular India was wet, the equatorial Central Pacific tended to be anomalously 
cool, and the western North Pacific was anomalously warm (Fig. 3a). For the northeast India and 
Indochina Peninsula cases, the anomalous warming over the equatorial western North Pacific was 
weaker but recognized (Fig. 3c). Thus, the SST patterns related to the three regions during the 1961–
1985 period were an ENSO-liked pattern. 
   During 1986–2010, the ENSO-liked pattern remained in the peninsular India case, but collapsed 
in the cases of the other two areas. The oceanic areas of the Maritime Continent was anomalously 
cool for the northeast India case (Fig. 3d). For the Indochina Peninsula case, the equatorial central 
Pacific was anomalously warm (Fig. 3f). 
   Since SSTA shifts the climatological position of convections and accompanies changes in the 
atmospheric circulation, the long-term changes in the SST patterns related to the local JJAS 
precipitation in Fig. 3 indicated the changes in the atmospheric circulation. Hence we investigated 
the 850-hPa streamfunction to understand the low-level circulation related to each JJAS 
precipitation over the three areas (Fig. 4). Figure 4a shows the anomalous low-level circulation when 
peninsular India had anomalous high precipitation during 1961–1985. There was an anomalous 
cyclonic circulation from West Asia to northwest India accompanied by an anomalous anti-cyclonic 
circulation in its south. This pair of anomalous cyclonic and anti-cyclonic circulations resulted in 
anomalous westerlies between them which corresponded with the monsoon westerlies. Over the 
western North Pacific, there was an anomalous anti-cyclonic circulation accompanied by an 
anomalous anti-cyclonic circulation in its south which resulted in anomalous easterlies between 
them. The anomalous easterlies strengthened the equatorial trade winds and corresponded with the 
La Niña-like response. These pairs of anomalous circulations were also recognized in the northeast 
India and Indochina Peninsula cases, although the pair over the western North Pacific was weaker 
than the peninsular India case (Figs. 4c, e). During 1986–2010, the enhanced monsoon westerlies 
and the La Niña-like response remained for the peninsular India case (Fig. 4b). However, the La 
Niña-like response over the western North Pacific disappeared for the northeast India and Indochina 
Peninsula cases, and an anomalous anti-cyclonic circulation band appeared from the Bay of Bengal 
to the equatorial western North Pacific (Figs. 4d, f). 
   Furthermore, we investigated the anomalous large-scale convergence and divergence in the 
upper troposphere related to each JJAS precipitation over the three areas from 200-hPa velocity 
potential (Fig. 5). Figure 5a shows the anomalous large-scale convergence and divergence when 
peninsular India had anomalous high precipitation during 1961–1985. There was an anomalous 
divergence signal over the Eurasia Continent and anomalous convergence signal over the Pacific 
which correspond with the ENSO-induced shift of the Walker circulation. This ENSO-related 
signals remained in 1986–2010 (Fig. 5b). For the cases for the other two areas, the ENSO-related 
signals were weak but recognized during 1961–1985 (Figs. 5c, e) but disappeared during 1986–
2010 (Figs. 5d, f). 
   The results of the SST and atmospheric circulations showed that, for the precipitation over 
northeast India and the Indochina Peninsula, the related SST patterns changed in the second half of 
the 20th century and were accompanied by changes in the atmospheric circulations. For the 
peninsular India case, the related SST pattern remained, and the spatial patterns of the atmospheric 
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Fig. 3  Correlation of SST with precipitation over specific areas over the ASM region for JJAS during 
(left) 1961–1985 and (right) 1986–2010. The specific regions are peninsular India (top; 10°–20°N, 
75°–80°E), northeast India (middle; 20°–25°N, 80°–90°E), and the Indochina Peninsula (bottom; 
15°–25°N, 92.5°–110°E). Negative contours are in dotted lines. Positively (negatively) correlated 
areas where are significant at the 95% significance level are shaded light (dark) gray.  
 
 
Fig. 4  Same as Fig. 3, but for 850-hPa streamfunction. Areas where the 850-hPa level  
are below the surface are shaded black. 
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circulation were unchanged. The difference between peninsular India and the other two areas 
corresponded with the regional differences in long-term changes in the correlation between the ASM 
precipitation and Niño 3.4 SST index. 
 
 
Fig. 5  Same as Fig. 3, but for 200-hPa velocity potential. 
 
 
4. Discussion 
 
   While the relationship with ENSO and spatial patterns of accompanying SST and atmospheric 
field remained for the precipitation over peninsular India, they changed for the precipitation over 
northeast India and the Indochina Peninsula during the second half of the 20th century. The regional 
differences in India could be understood by the dominant patterns of ISM precipitation and their 
relationship with SST which were identified in Mishra et al. (2012). They performed maximal 
covariance analysis (MCA) and presented two leading modes that were similar to the first and 
second mode of the ISM precipitation variability, which were revealed by empirical orthogonal 
functions (EOF) analysis. The first mode was characterized by negative ISM precipitation 
anomalies that were coupled with the El Niño SST pattern. The second mode had a dipole structure 
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between the Gangetic Plain and peninsular India. This mode was coupled with anomalous warm 
SST in the Arabian Sea, the Bay of Bengal, and the South China Sea which reassemble the lagged 
response to ENSO during previous winter. 
   The spatial patterns of the correlation between the JJAS precipitation over India and Niño 3.4 
SST index during 1961–1985 and 1986–2005 (Figs. 1b, f) were similar to the spatial patterns of the 
ISM precipitation anomalies for the first and second MCA mode in Mishra et al. (2012), respectively. 
The interannual variation of the JJAS precipitation over peninsular and northeast India had a positive 
correlation during the third quarter of the 20th century, but weakened from the 1970s and became 
negatively correlated in northeast India (Fig. 6). This is consistent with the increase in the strength 
of the dipole structure after the 1970s which was reported in Mishra et al. (2012). The precipitation 
over peninsular India had a strong positive correlation with the precipitation over the whole India 
throughout the analyzed period, while the precipitation over northeast India had a weakening in its 
positive relationship (Fig. 6). 
   Because the JJAS precipitation over peninsular India and the whole India had a positive 
relationship throughout the analyzed period (Fig. 6), it is considered that the intensification of dipole 
structure between the precipitation over peninsular and northeast India led to regional differences in 
the relationship between JJAS precipitation over India and Niño 3.4 SST index. Therefore, the 
negative correlation between the area-averaged ISM precipitation and ENSO weakened (Fig. 2). 
 
 
Fig. 6  25-year sliding correlations between JJAS precipitation over (solid) peninsular India 
(10°–20°N, 75°–80°E) and the whole India (5°–35°N, 65°–90°E), (dashed) northeast 
India (20°–25°N, 80°–90°E), and the whole India, and (dotted) peninsular and 
northeast India, respectively. The gray horizontal line shows the 95% significance level. 
 
   Kumar et al. (1999) indicated a reduction in the strength of ENSO-induced subsidence over 
Eurasia during the second half of the 20th century by showing the weakening of the spatial pattern 
of the correlation between the IMR index and 200-hPa velocity potential. This spatial pattern was 
similar to the spatial patterns of the correlation between the JJAS precipitation for regional areas in 
India and 200-hPa velocity potential for the third quarter of the 20th century (Fig. 5). Although the 
difference between the results shown in Fig. 5 and Kumar et al. (1999) may be due to the difference 
in the analyzed datasets, the results of Kumar et al. (1999) could be the result of analyzing the whole 
India which includes the dipole structure between peninsular and northeast India. 
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   However, why the dipole structure over India strengthened in the recent decades is not 
understood. The long-term changes of the correlation between the JJAS precipitation over northeast 
India and Niño 3.4 SST index were accompanied with the changes over the Indochina Peninsula. 
Moreover, the changes in the SST patterns and atmospheric fields related to the local precipitation 
were similar between these two areas. These results indicate that the two areas shared the same 
mechanism for their changes. For the precipitation over the Indochina Peninsula, Kamizawa and 
Takahashi (2018) reported that its fluctuation of the interannual variation might be increased by the 
long-term changes of the westward-propagating tropical cyclones and disturbances along the 
monsoon trough (the area from the Bay of Bengal to the equatorial western North Pacific) under 
future global warming. Moreover, signals of anomalous anti-cyclonic circulation appeared over the 
northern part of the Indochina Peninsula during 1986–2010 in the Indochina Peninsula case (Fig. 
4f) which may be related to the monsoon trough. Thus, the long-term changes in the monsoon trough 
may have affected the spatial pattern of the correlation between JJAS precipitation over ASM region 
and ENSO during the second half of the 20th century. The contribution of the monsoon trough will 
be investigated in future studies. 
   There are other potential factors responsible for the long-term changes in the relationship 
between the ASM precipitation and ENSO. For example, ENSO itself has complexity such as 
pattern diversities which leads to a diversity of global impacts (Timmermann et al. 2018). 
 
 
5. Conslusions 
 
   The correlation analyses from observational data showed that the relationship between the ASM 
precipitation and ENSO has changed not only in its intensity but in its spatial pattern for the period 
1950 onwards. The precipitation over India was negatively correlated with the with Niño 3.4 SST 
index during the third quarter of the 20th century, consistent with the well-known inverse 
relationship with ENSO. However, the negative correlation weakened and changed to weak positive 
over northeast India during the final quarter of the 20th century, creating a dipole structure over 
peninsular India and northeast India. The correlation of the summer seasonal precipitation between 
peninsular India and northeast India changed from positive to negative during the second half of the 
20th century, which was consistent with Mishra et al. (2012). The mechanism for the intensification 
of this dipole mode remains uncertain. The monsoon trough is a potential factor, but further 
investigation is necessary along with other potential factors such as long-term changes in ENSO. 
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